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Abstract 
 

Liquefaction is generally defined as the loss of contact between soil particles during shaking (earthquakes), and it usually occurs in saturated 

loose sandy soils where the timescale is insufficient for the water to drain from the pores, thus increasing the excess pore pressure, and 

thereby floating the sand particles. For regular structures with shallow foundations, liquefaction normally leads to loss of soil strength, 

which leads to settlement of foundations. On the other hand, bridges are usually supported with piles foundation, which introduces addi-

tional effects during liquefaction. Therefore, this paper examines the possible effects of liquefaction on the structural performance of 

bridges during earthquakes. Furthermore, the failure of Showa Bridge during the 1964 Nagata earthquake was also discussed and analyzed 

as an example of the catastrophic effects of liquefaction. The analysis shows that the most influential effect during liquefaction is the 

increase in the unsupported length of piles, which leads to several adverse effects such as increasing the lateral displacement, reduce the 

buckling capacity, increase the bending moment, and reduce the shaft capacity of the pile. Finally, recommendations regarding the design 

of pile supported bridges in seismic areas with liquefiable soils have also been suggested. 
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1. Introduction 

When subjected to shaking (cyclic loading), a dry loose sandy soil 

is expected to reduce in volume, as particles are given the energy to 

move and fill the voids. However, if the voids are filled with water 

(saturated soil), the timescale, which is in seconds during an earth-

quake, will be insufficient for the water to drain. As shaking con-

tinues, the movement of the sand particles pressurize the fluid 

within the voids significantly, thus the particles float and lose con-

tact with each other reducing the effective and thereby the lateral 

stress of soil significantly [1]. Furthermore, and to a lessor extant, 

liquefaction could also occur in dense sandy soils, while other types 

of soil are not prone to liquefaction [2].  

Liquefaction was reported in many of the major earthquakes during 

the past century: including the 2011 Christchurch earthquake in 

New Zealand, the 2001 Arequipa earthquake Peru, the 1989 Loma 

Prieta earthquake in USA, and the 1964 Niigata earthquake in Japan 

amongst many others [3,4,5,6]. According to many post-earthquake 

site investigations, liquefaction is considered as one of the main 

causes of structural failures after major earthquakes. Generally, 

Liquefaction leads to several effects on the soil; such as loss of 

strength, settlement, loss of stiffness, boiling, and lateral spreading 

in sloped areas. Such effects have a catastrophic impact on nearby 

structures [7, 8, 9, 10]. 

When designing bridges against earthquake, the seismic actions are 

normally replaced by a static lateral force, which mainly depends 

on the stiffness and the mass of the bridge as well as the properties 

of the underlying soil [11]. Therefore, current codes of practice such 

as Eurocode 8 [12], Japanese Highway Code of Practice JRA [13], 

and National Earthquake Hazards Reduction Program Code 

NEHRP [14] only recommend designing the piles of the bridge 

against flexures, and thus neglecting all other possible effects of 

liquefaction on the performance of the pile    

A number of recent studies have discussed the possible effect of 

liquefaction on the seismic behaviour of pile supported bridges such 

these conducted by Lombardi and Bhattacharya [11], Kimura and 

Tokimatsu [15] amongst others. However, most of which focused 

on a certain effect rather than a comprehensive overview that in-

cludes solutions. This paper provides a more comprehensive over-

view of the possible failure mechanisms of pile supported bridges 

constructed on liquefiable soils during earthquakes and the possible 

design solutions to address this issue. furthermore, and to illustrate 

the effect of liquefaction in real life, the failure of Showa bridge 

Japan during the 1964 Niigata earthquake has  been discussed and 

analyzed.  

2. Collapse of Showa bridge  

To have a better understanding about the possible effects of lique-

faction, the failure of Showa bridge Japan during the 1964 Nagata 

earthquake will be utilized as an example. The case is well docu-

mented by many researchers such is Fukuoka [16], Ishihara [17] 

and Yoshida et al. [18] amongst others. Based on the available lit-

erature, a representation of the bridge before failure was drawn as 
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shown in Fig.1. The 304 m long bridge consisted of 12 composite 

simply supported spans with a constant breadth of 24 m. Except for 

the side spans, which had a length of about 15 m, all other spans 

had a length of about 28 m. Each span consists of nine steel girders, 

each of which is supported by one steel tubular pier at both ends 

with 610 mm outside diameter and a variable wall thickness of 16-

9 mm  

In 1964, a 7.6 magnitude earthquakes stroke the city of Nagata, Ja-

pan. The earthquake led to catastrophic failures in the infrastructure 

including the Showa bridge, which was located about 55 km from 

the epicenter.A photograph of the failure is shown as Fig.2, while a 

schematic of the failure is illustrated in Fig. 3. Both figures show 

that piers 𝑃5 and 𝑃6 have completely fell into the river. In addition, 

the movable ends (roller supported ends) of girders between piers 

𝑃2 − 𝑃3 and 𝑃3 − 𝑃4 have dropped into the river, while the fix ends 

have remained on the top of the piers. 

 
Fig. 1: A representation of Showa Bridge in Japan 

 

 
Fig. 2: Collapse of Showa Bridge [16] 

 

 
Fig. 3: Diagram of the collapse [21]

Although no consensus has been reached about the cause of the col-

lapse, however, and based on the testimony of a reliable eyewitness, 

the bridge failed about 1-2 minutes after the earthquake, which rules 

out the collapse due to the inertia during the shaking of the earth-

quake [19,20]. Furthermore, preliminary site investigations have 

shown that the loose sandy soil beneath the bridge liquefied up to a 

depth of 10 m, which is the maximum depth for liquefaction to oc-

cur [6], see Fig 4. The figure shows that the liquefaction depth near 

the left bank was deeper than that near the right bank. 

3. Effect of liquefaction on the structural per-

formance of the bridge 

3.1. Lateral spreading 

As stated earlier, when soil liquefies, the particles float and lose 

contact with each other. And thus, for grounds with shallow slopes, 

the soil is expected to flow latterly downslope. In the case of Showa 

bridge, and given the concave shape of the river bed, reports from 
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literature have confirmed that the soil has spread latterly heading 

towards the center of the river, thus pushing the piles sideway and 

causing bending stresses. This failure hypothesis has been adopted 

by a number of researchers such as Fukuoka [16], Hamada and 

O’Rourke, [22] and Yasuda and Berrill [23] amongst others as the 

main failure mechanism. 

 
Fig. 4: Liquefaction profile of Showa bridge [6] 

However, and since the collapse occurred in piers  𝑷𝟓  and 𝑷𝟔 , 

which were located near the center of the bridge, where the lateral 

spreading is minimal, and didn’t occur in piers near the abutment 

particularly 𝑷𝟐 and 𝑷𝟑, where the lateral spreading is expected to 

be high. Thus, this hypothesis can be considered as inaccurate, still, 

it can explain the falling of girders between piers 𝑷𝟐 − 𝑷𝟑  and 

𝑷𝟑 − 𝑷𝟒 into the river. Fig. 5 shows that the lateral pressure exerted 

by the soil might have bent the pile sideways, and since the girder 

is supported by a roller support from one side and restrained against 

horizontal movement by a hinge from the other side, the movement 

of the pier may have stripped the girder from its support. According 

to Fukuoka [16] it only takes a horizontal movement of around 30 

cm to dislodge the girder from its support, see Fig.6. As for piers 

𝑷𝟓 and 𝑷𝟔, a different failure mechanism is proposed later 

 
Fig. 5: Effect of lateral spreading during liquefaction. 

3.2. Loss of bearing capacity and settlement  

It is well known that the bearing capacity of piles in sandy soils 

mainly depends upon the skin friction between the surface of the 

pile and the surrounding soil, and it can be calculated as follows:  

𝑸𝑺 = 𝝉𝑺𝝅𝑫𝑳                                                                                        (𝟏) 

Where 𝑸𝑺  is the shaft bearing capacity, 𝑫 is the diameter of the 

pile, 𝝉𝑺 is the shear friction stress, and it depends on several factors 

such as the type of pile, the installation method and the type of the 

surrounding soil. As stated earlier, when soil liquefies, the particles 

float and lose contact with each other, and thus with the surrounding 

pile. This leads to decrease the contact length between the soil and 

the pile (𝑳), hence reducing the bearing capacity of the pile signif-

icantly. If the applied vertical load exceeds the shaft capacity, the 

pile is expected to punch the ground and settle down. Generally, in 

order to avoid end base failure, Bhattacharya et al. [24] recom-

mended that the maximum acceptable settlement should not exceed 

10% of the pile diameter.   

 
Fig. 6: Possible failure mechanism due to lateral spreading 

In case of Showa Bridge, when soil liquefied, the piles immediately 

lost about 10 to 5 m of their surface friction. That is around 60%-

30% of its total capacity, see Fig. 7. As stated earlier, and according 

to Fukuoka [16], the movable ends (roller supported ends) of gird-

ers between piers 𝑷𝟐 − 𝑷𝟑  and 𝑷𝟑 − 𝑷𝟒 have dropped into the 

river, while the fix ends have remained on the top of the piers, see 

Fig. 3. In order for that to happen, the piers must have either moved 

to the right or settled down. Therefore, and due the considerable 

loss of capacity caused by liquefaction, a bearing capacity failure 

may have occurred, and the piers could have settled down causing 

the movable ends of the girders to drop into the river, see Fig. 8. 

Furthermore, and as shown in fig. 4, the depth of liquefaction near 

the right bank was less than that near the left bank. Thus failure 

didn’t take place in spans near the right bank. However, there is no 

information within the literature regarding the amount of settle-

ment. Therefore, this theory cannot be confirmed. As for the span 

between piers 𝑷𝟓 − 𝑷𝟔 which has completely dropped into the riv-

ers, a different failure mechanism is suggested and it will be dis-

cussed next.  

3.3. Loss of buckling capacity   

Normally, slender columns are usually buckled before reaching 

their ultimate axial load, which is the crushing of the column. Ac-

cording to Euler equation, the buckling capacity of any slender col-

umn can be calculated as follows:  
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Fig. 7. Effect of liquefaction on the shaft capacity of a single pile

𝑷𝒄𝒓 =
𝝅𝟐𝑬𝑰

𝑳𝒆𝒇𝒇
                                                                                           (𝟐) 

Where 𝑷𝒄𝒓 is the critical buckling load, 𝑬 & 𝑰 are the modulus of 

elasticity and the moment of inertia respectively,  𝑳𝒆𝒇𝒇 is the effec-

tive length of the column, and it is a function of the boundary con-

ditions and can be calculated as follows:  

𝑳𝒆𝒇𝒇 = 𝒌𝒍                                                                                                (𝟑) 

Where 𝒍 is the actual length of the column, 𝒌 is a factor that ac-

counts for the boundary conditions.  

 
Fig. 8. Proposed failure mechanism of piles near the left bank 

Since most of their length is usually embedded within the soil, 

buckling is not usually considered when designing piles. However, 

and even before the earthquake, the piles of Showa bridge were sus-

ceptible to buckling, giving the fact that they were restrained only 

from one direction, while left unrestrained for about 9 m along the 

longitudinal direction of the bridge, see Fig. 1 and Fig. 9. When 

liquefaction took place, the piles near the middle of the bridge lost 

about 10 meters of their lateral support, and thus the unrestrained 

length became about 19 m. Also, it is important to note that the fix-

ity of piles is not expected to be achieved right at the surface of the 

ground. Instead, it is known that it can be roughly achieved at a 

depth of four times the diameter of the pile [25]. Thus, this value  

 

must be added to the unsupported length before and during lique-

faction, hence it becomes 11.45 m before liquefaction and 21.45 m 

during liquefaction.  

Furthermore, and based on the boundary conditions of the pile, 

which can be considered as fixed at the bottom and free to move at 

the top, the boundary conditions factor k must be taken as 2. Due to 

the increment in the unsupported length and taking into account that 

the pile’s wall thickness varied between 16 mm at the surface of the 

ground and 9 at the non-liquefiable soil layer, the pile has lost about 

83% of its buckling capacity, which most likely has led to the col-

lapse of the piles near the center of the bridge. Although, during 

liquefaction the pile has lost around 60% of its total capacity, how-

ever, and unlike loss of capacity which leads gradually to settle-

ment, buckling failure is sudden and can occur instantaneously. 

Therefore, it can be concluded that the most likely cause of the col-

lapse of piles  𝑷𝟓 − 𝑷𝟔 is buckling.  

3.4. Increased natural period 

The natural period is defined as the time required by a structure to 

complete a full oscillation, and it plays a major role in determining 

the acceleration imposed on that structure. Fig. 10 illustrates that as 

the time period decreases, the acceleration increases and vice versa. 

The acceleration is usually used to determine the amount of lateral 

force applied on a structure as follows:  

𝑭 = 𝑺𝒆 ∗ 𝑴                                                                                             (𝟒) 

Where 𝑭 is the lateral force applied on a structure due to an earth-

quake, 𝑴 is the mass of the structure and 𝑺𝒆 is the lateral accelera-

tion resulted from shaking during the earthquake. In order to deter-

mine the lateral force applied on a bridge during an earthquake, it 

is usually modeled as a single degree of freedom system as shown 

in Fig. 11. The natural period of such system depends mainly on the 

stiffness of the piles and the mass of the bridge, and it can be deter-

mined as follows:  

𝑻 =
𝟐𝝅

√𝟑𝑬𝑰
𝑴𝒍

                                                                                              (𝟓) 

Where  𝑻 is the natural period, 𝑬&𝑰 are the modulus of elasticity 

and moment of inertia of the pile respectively, 𝑴 is the mass at-

tached to the pile, 𝒍 is the unsupported length.  
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Fig. 9. Effect of liquefaction on the effective length of a single pile

In the case of Showa Bridge and due to liquefaction which has in-

creased the unsupported length of the pile as shown in Fig.9, the 

natural period of the bridge during liquefaction has increased up to 

about 2.5 times that before liquefaction. However, this increment 

reduced the acceleration imposed on the bridge drastically, and thus 

the lateral force induced by the earthquake, see Fig. 10. 

 
Fig. 10. Elastic response spectra for ground types A to E with 5% damping 

[12] 

Furthermore, the bending moment applied on the pile due to the 

lateral force (𝑴𝑶) can be determined as follows:  

𝑴𝒐 = 𝑭 ∗ 𝒍                                                                                              (𝟔) 

Although, the unsupported length of the pile was doubled during 

liquefaction, which implies that the applied bending moment should 

have been also doubled, however, as stated earlier the increment in 

the natural period has decreased the lateral force, and thus, the in-

crement in the unsupported length was cancelled out by the reduc-

tion in the lateral force. Therefore, the bending moment imposed by  

 

the lateral force was almost the same before and during liquefac-

tion.  That’s why the bridge didn’t fail during earthquake, since the 

applied bending moment remained within the design limits.  

 
Fig. 11. Effect of the increment in length on the natural frequency and 
time period  

4. Designing piles in seismic areas with lique-

faction hazard 

As illustrated, the most influential effect of liquefaction on pile sup-

ported bridges is the increment in the unsupported length of the pile, 

which leads to several adverse effects such as increasing the lateral 

displacement, reducing the buckling capacity, increasing the bend-

ing moment and reducing the shaft capacity of the pile. On the other 

hand, current codes of practice such as Eurocode 8 [12], Japanese 

Highway Code of Practice JRA [13] and National Earthquake Haz-

ards Reduction Program Code NEHRP [14] simply treat piles like 

beam-column members, and recommends designing piles against 

the bending moment resulted from the inertia forces and the later 

spreading of the soil if existed. This approach may result in very 

large pile sections, and thus complicate the construction process and 

increase the total cost of construction.   

On the other hand and as shown in Fig. 12,  connecting the piles 

using a bracing system (compression members) along both the lon-

gitudinal and horizontal directions of the bridge would results in 

keeping the unsupported length of the pile within acceptable limits, 

and thus 
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 Fig. 12. Suggested bracing system

• Reducing the lateral displacement resulted from lateral 

spreading  

• Preventing the degradation of the piles buckling capacity  

•  Keeping the applied bending moment resulted from lateral 

spreading and inertial forces within the limits before lique-

faction    

Furthermore, it is also important to ensure that the embedded length 

of the pile in the non-liquefiable layer is providing sufficient shaft 

capacity to resist the applied axial load. The bracing system must 

be placed near the bed of the river to prevent blocking the water-

way. Also, the system must be designed to be in fixed connection 

with the piles.  

5. Conclusions 

In this study the possible effects of liquefaction on the structural 

performance of piles supported bridges during earthquakes was ex-

amined. Furthermore, the failure of Showa bridge Japan has been 

discussed and analyzed as an example of the catastrophic effects of 

liquefaction. Based on that, the following conclusions are drawn:  

•  The most influential effect of liquefaction on pile supported 

bridges is the increment in the unsupported length of the pile, 

which leads to several adverse effects such as increasing the 

lateral displacement, reducing the buckling capacity, increas-

ing the bending moment and reducing the shaft capacity of 

the pile 

•  The failure of Showa resulted from a combination of lateral 

spreading and buckling. it is likely that the failure of girders 

between piers P_2-P_3 and P_3-P_4 was due to the lateral 

pressure exerted by the soil, which may have bent the pile 

sideways. And since the girder is supported by a roller sup-

port from one side and restrained against horizontal move-

ment by a hinge from the other side, the movement of the pier 

may have stripped the girder from its support. As for piers 

P_5-P_6 which completely collapsed, it is more likely that 

the degradation in buckling capacity resulted from the incre-

ment in the unsupported length of the pile during liquefaction 

was the main cause of failure. 

•  Connecting the piles using a bracing system (compression 

members) along both the length of the bridge and its breadth 

would results in keeping the unsupported length of the pile 

within acceptable limits, and thus reducing the lateral dis-

placement resulted from lateral spreading, preventing the 

degradation of the piles buckling capacity and Keeping the 

applied bending moment resulted from lateral spreading and 

inertial forces within the limits before liquefaction.   
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